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Abstract 
A multi-institutional collaboration is investigating the possibility of enhancing muon tracking and triggering 
capabilities in the small-angle region 1.6 < |η| < 2.1 of the CMS experiment at the LHC by instrumenting the end-cap 
muon system with large-area gas electron multiplier (GEM) detectors. A first trapezoidal prototype triple-GEM 
detector of size 1 m × 0.5 m was built and operated successfully in a test beam at CERN in October 2010. Front-end 
readout boards utilizing the “VFAT” chip are mounted in a regular array directly on the chambers. High voltage is 
provided by a compact divider board implemented with surface mount components. A tracker equipped with small 
GEM detectors was used to precisely measure the hit position in the large-area detector. A spatial resolution of 290 
µm was measured in a region with average strip pitch of 1.1 mm, and ~98% hit efficiency was achieved at full 
operating voltage. An additional prototype chamber is constructed and will undergo beam tests this summer with 
operation in a 3 T magnetic field. 
 
© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for 
TIPP 2011. 
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1. Introduction 
1.1. Motivation 
The original design of the end-cap muon detection system of the CMS experiment is shown in Figure 
1.  Two types of detectors are located in each of 4 stations, in each end-cap. The detector types are 
resistive plate chambers (RPC), labeled RE in the diagram, and cathode strip chambers (CSC) which are 
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located adjacent to the RPCs in each station.  At present, in both end-caps, no RPCs are implemented in 
station 4, or the inner rings of stations 1, 2, and 3.  The existing RPC system (including the central barrel) 
covers the pseudo-rapidity range |η| < 1.6, and the CSC system covers the range 0.8 < |η| < 2.4.  The 
purpose of the dual RPC/CSC system is to achieve high efficiency for triggering and reconstruction.  This 
system is working well in the 2010-2011 running period. However, an upgraded LHC, after 2016, will 
operate at the full design energy of 14 TeV in the center-of-mass, with luminosity exceeding 1034 cm-2 s-1, 
and increased number of interactions per bunch crossing, producing increased track density compared to 
the current operation.  To preserve the performance of the end-cap system after the LHC upgrade, a 
collaboration [1] has formed to develop large-area gas electron multiplier (GEM) chambers, a type of 
micro-pattern gas detector (MPGD), suitable for use in the currently un-instrumented inner sections of the 
RPC system. 
 
 
Fig. 1. Schematic longitudinal view of (half of) the CMS experiment highlighting the RPC stations, labelled RE [2] 
1.2 Requirements for operation in CMS 
Time resolution of ~4 ns is needed to associate detected muons with a unique bunch crossing in the 
sequence of bunch crossings with 25 ns spacing. For luminosity in the range 1034 - 1035cm-2 s-1, the 
charged particle flux in the inner rings will be in the range 0.5 k – 30 k cm-2  s-1. Because of the limited-
access environment, chamber operation with a non-flammable gas mixture, such as Ar/CO2, is highly 
desirable.  Long-term (10 year) stable operation requires that high voltage discharges occur at a low rate 
and that the discharges are non-destructive.   Signal charge gain in the chamber must be preserved after 
accumulated charge of 0.05 to 30 C cm-2, expected after 10 years, depending on the integrated luminosity. 
1.3 Triple GEM detectors 
The performance of a small-area (10 cm × 10 cm) chamber with three GEM foils has been previously 
reported [2].  The anode plane was segmented into a 1-dimensional array of 128 strips with pitch of 0.8 
mm.  The chamber was operated with an Ar/CO2 90:10 gas mixture.  An X-ray source with Cu target was 
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used to illuminate the chamber.  At the beginning of the exposure, the gain was measured to be ~2300 at 
3550 V. After an exposure leading to an integrated dose of 20 C cm-2, the reduction in gain was less than 
5%.  These properties encouraged the construction of a large-area chamber which is described next. 
2. Large area prototype 
2.1 Chamber construction 
The first large-area chamber is denoted “GE1/1” and its construction is illustrated in Figure 2. The 
geometry is trapezoidal with length 990 mm, inner side 220 mm, and outer side 455 mm. The GEM foils 
are made with a single mask. The readout plane has “radial” strips with pitch of 0.8 mm at the inner side 
and 1.6 mm at the outer side.  The gap sizes were 3 mm (drift), 2 mm (transfer), and 1 mm (induction). 
 
 
Fig. 2. Mechanical construction of the large-area chamber  
2.2 Readout electronics 
For the tests described here GE1/1 was read out by a single “VFAT” chip [4], an application specific 
integrated circuit designed at CERN, intended for front-end readout of silicon and gas detectors. Each of 
the 128 channels in the chip contains a two-stage preamplifier and a comparator with adjustable threshold 
and binary output.  A programmable “OR” function over a selected region of inputs provides capability 
for a real-time trigger. The chip is fabricated using a 0.25 μm line-width CMOS process. Its overall size is 
9.4 × 7.6 mm2.  The VFAT chip is currently used with GEM and CSC detectors in the TOTEM 
experiment at the LHC. 
3. Configuration in test beam 
The GE1/1 chamber was installed in the RD51 area of the H4 SPS 150 GeV μ/π test beam with 
operation during October, 2010.  A photograph of the mounted chamber is shown in Figure 3. Visible are 
8 connectors for front-end readout boards, mounted in a regular array on the chamber. Each readout board 
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can hold a VFAT chip. Multi-conductor cables carry the VFAT output to a common data acquisition 
board located near the chamber.  Compact HV divider boards with surface mount components are located  
along the long sides of the chamber.  
 
 
Fig. 3. Photograph of the GE1/1 large-area prototype chamber mounted in the H4 test beam at CERN 
4. Results from beam tests 
4.1 Spatial resolution 
A hodoscope of small-area GEM chambers is used to measure the hit position in the large-area 
chamber. The residual distribution, which includes a small contribution from the hodoscope resolution, is 
shown in Figure 4 for a region of GE1/1 with average strip pitch of 1.1 mm. The distribution is fitted with 
a Gaussian function with sigma of 0.29 mm.  This is in good agreement with sigma expected for single-
strip clusters of 0.31 mm, which is 1/ 12 of the average strip pitch. 
4.2 Efficiency 
Efficiency is measured using tracks defined by the small-area GEM hodoscope. The efficiency versus 
HV is shown in Figure 5 for four different positions of the GE1/1 chamber. At full operating voltage, an 
efficiency of ~98% is achieved. 
5. Current activities 
An additional prototype chamber is constructed and installation in the RD51 test beam station is in 
progress.  The large-area chambers will be operated inside a 3 T magnetic field. 
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Fig. 4. Residual distribution for a region of GE1/1 with average strip pitch of 1.1 mm 
6. Summary 
Triple-GEM detectors are excellent candidates for a new small-angle (|η| > 1.6) muon system in the 
CMS detector.  A large-area (~1 m × 0.5 m) prototype was operated in a secondary test beam at CERN in 
October 2010.  Spatial resolution of ~300 microns is demonstrated with efficiency ~98%.  A new large 
area chamber is currently installed in the test beam inside a 3 T magnetic field. 
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Fig. 5. Efficiency versus chamber high voltage (across all gaps combined) for the GE1/1 chamber using tracks defined by the small-
area GEM hodoscope  
 
